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Endosomet in both axonal and dendritic growth cones mediate neuronal responses to
extracellular cues thereby ensuring correct neurite pathﬁnding and development of the nervous system.
Little is known though about the mechanisms employed by neurons to deliver these receptors, speciﬁcally
and efﬁciently, to the extending growth cone. A deeper understanding of this process is crucial if guidance
receptors are to be manipulated to promote nervous system repair. Studies in other polarised cells, notably
epithelial, have elucidated fundamental routes to the intracellular segregation of molecules mediated by
endosomal pathways. Due to their extreme complexity and specialisation, neurons appear to have built upon
these generic systems to evolve sophisticated trafﬁcking networks. A striking feature is the axon initial
segment which acts like a valve to tightly regulate the ﬂux of molecules both entering and leaving the axon.
Once in the growth cone, further controls operate to enhance the retention or rejection, as appropriate, of
membrane receptors. We discuss the current state of knowledge regarding the intracellular trafﬁcking of
axon guidance receptors and how this relates to their developmental roles. We highlight the various facets
still to be properly elucidated and by building on existing data regarding neuronal polarity and intracellular
sorting mechanisms suggest ways to ﬁll these gaps.
© 2008 Elsevier Inc. All rights reserved.IntroductionSuccess is frequently fortuitous, a case of being in the right place at
the right time. Indeed, cellular processes may even have evolved to
exploit the random noise inherent in biochemical systems; yet not
everything can be left to the vagaries of chance. For a cell to function
properly it is imperative that, evenwithin just the plasma membrane,
certain proteins are restricted to speciﬁc compartments. Many of the
body's cells are polarised and much of our knowledge of how this
arises derives from studies of the apical and basolateral division of
epithelial cells extrapolated to other cell types (Folsch, 2008). In nerve
cells this is taken to an extreme. Electrical signals are received and
integrated by the branched dendritic processes, relayed to the cell
body and an appropriate output is then conveyed down the axon. Such
specialisationmanifests itself physically in the sinuous, ramiﬁed forms
of axons and dendrites and reﬂects a high degree of molecular
compartmentalisation. The correct ion channels and signalling
proteins must be localised to the corresponding part of the neuron
to translate form into function (Horton and Ehlers, 2003) but
segregation of receptors is not solely an issue for mature neurons. In
order to form the correct circuits, embryonic neurons must carefully
regulate the enrichment of guidance receptors in their nascent axons.).
l rights reserved.How axons and dendrites grow out in the right direction to ﬁnd the
appropriate synaptic target among a myriad of others has been a topic
of intense empirical and theoretical investigation (Chilton, 2006; Kim
and Chiba, 2004; Mortimer et al., 2008). Irrespective of the exact
nature by which navigational cues are interpreted, it is clear that for
correct axon pathﬁnding to occur, expression of guidance molecules
must be under tight spatiotemporal control to ensure they are
expressed on the right cell at the right time and place. Although
thoroughly investigated at a population level, e.g. an entire nerve
fascicle, this is often overlooked in the context of individual cells.
Somewhere between examining initial axon speciﬁcation and later
the synaptic targeting of proteins in the mature neuron, the question
of how axon guidance molecules reach (and are retained) in the
growth cone is often neglected such that the underlying mechanisms
remain essentially unknown.
For some of the major classes of axon guidance receptor these
trafﬁcking systems are beginning to be uncovered. However the
available data are fragmentary with different parts of the process
and different mechanisms being revealed for different proteins.
Indeed, this may be of fundamental importance, a facet of how the
growth cone produces a ﬁne-tuned response rather than a generic
collapse or outgrowth. For instance, a receptor that is rapidly
removed from the growth cone after ligand binding may produce a
transient stalling whereas one that is tightly embedded in the
membrane could act for longer and induce a signiﬁcant retraction.
Nevertheless, there is no satisfactory explanation of how a given
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once there. We will begin by describing what is already known
about the trafﬁcking of axon guidance receptors to their site of
action, using the examples of different proteins to highlight various
parts of the process. We then speculate upon how these gaps in our
knowledge may be ﬁlled by building upon what is already known
about the development of neuronal polarity and its links to protein
sorting within the neuron.
Identifying themolecules responsible for guiding growing axons to
their target is only the ﬁrst step; it is crucial to know how they are
localised within the neuron itself. There is little point in loading
neurons with guidance receptors if they are unable to leave the cell
body. This is especially true of injured or diseased axons in which
axonal transport is compromised or is even the root cause of the
degeneration (Duncan and Goldstein, 2006).
Robo receptor targeting — switching responses
The best demonstration of both the importance of receptor
trafﬁcking for mediating axon guidance and the complexities yet to
be unravelled is the Robo receptor. This system is a striking example of
the need for the growth cone to change its response as it grows
toward, through and beyond a guidance cue and the fundamental role
played by the surface expression of receptors and their associated
signalling components. In both vertebrates and invertebrates, surface
expression of the Robo receptor on axons of longitudinally projecting
neurons and on pre-crossed commissural ones prevents them
approaching the embryonic midline. Robo is the receptor for the
chemorepellent protein Slit which emanates from the midline (Brose
et al., 1999; Kidd et al., 1999). Downregulation of Robo on commissural
axons during midline crossing abrogates the repulsive effect of Slit so
that a contralateral projection can be formed. Following crossing, Robo
is then restored to the axonal growth cone; this is thought – though
not proven – to prevent re-crossing (Dickson and Gilestro, 2006;
Tamada et al., 2008). The speciﬁc mode of action of Robo at each stage
is still to be clariﬁed however mechanisms clearly exist to regulate its
surface expression with high spatiotemporal speciﬁcity in ﬂies, mice
and humans (Jen et al., 2004; Kidd et al., 1998; Sabatier et al., 2004).
The rapid change in responsiveness to Robo is best understood in
Drosophila and is achieved by the action of the commissureless
(Comm) gene product (Tear et al., 1996). In the presence of Comm,
Robo is prevented from travelling down the axon due to being
conveyed directly from the Golgi apparatus to endosomes and then
lysosomes (Keleman et al., 2002, 2005). Using Comm as a ﬁlter for the
Robo protein is a rapid mechanism to temporarily block the ingress of
Robo to the axon. Furthermore, by dragging Robo to its destruction
and following it into the lysosomes, the Comm itself is also degraded
thereby ensuring that it does not accumulate in the cell and
potentially impair the subsequent upregulation of Robo. A striking
feature of Robo localisation that profoundly reinforces the need for
accurate subcellular targeting of guidance receptors during develop-
ment is that it is locally removed from the portion of the axon lying
across the midline (Kidd et al., 1998). Therefore it is not sufﬁcient for
Comm to simply block all access of Robo to the entire axon. As will be
described in later sections, evidence emerging from other axon
guidance receptors, such as Neuropilins and Ephrins, suggests that
they may be transported directly to the growth cone for insertion
there and that the limits of their diffusion are then tightly regulated by
a combination of endocytic turnover, cytoskeletal tethers and
phospholipid anchors. One or more of these mechanisms, acting in
response to the Slit signal itself, could then induce or inhibit the
enrichment of Robo at discrete domains along the axon. Currently the
majority of work examining Comm function in the soma has been
carried out either in vitro or in vivo in peripheral nervous system
neurons which do not normally express Comm and may thus be
lacking in some of the cellular machinery necessary for its function.High resolution studies using commissural axons will lead to a better
understanding of the role of Comm in Robo trafﬁcking.
All searches for vertebrate orthologues of Comm have proved
fruitless (Dickson and Gilestro, 2006). Instead it seems that a similar
net effect is achieved by the vertebrate Robo3 receptor which prevents
Robo1 and 2 from responding to Slit (Sabatier et al., 2004). Mutations
in Robo3 cause the human syndrome Horizontal Gaze Palsy with
Progressive Scoliosis, inwhich speciﬁc neuronal tracts fail to decussate
correctly (Jen et al., 2004), a rare example of a human disorder directly
attributable to mutations in an axon guidance receptor. Rather than
affecting the intracellular trafﬁcking or surface expression of Robo1
and Robo2, Robo3 appears to interfere directly at the membrane,
possibly by forming heteromeric complexes which are unable to
transduce the Slit signal (Sabatier et al., 2004). This does not explain
how vertebrate Robo1 and Robo2 are absent from the midline portion
of commissural axons whereas Robo3 is enriched there. The parallels
and divergences between Drosophila and vertebrate regulation of
Robo localisation are intriguing. On the one hand they may be an
example of convergent evolution resulting in homologous wiring of
the nervous system using differing tools. On the other, they may
reﬂect opposing ends of the spectrum of mechanisms employed to
regulate receptor targeting with such exquisite precision. There may
be a vertebrate Comm, albeit with no sequence similarity, which
performs an analogous endosomal sorting function. Likewise, other
transmembrane receptors could also interact with Drosophila Robo
receptors to form regulatory heteromeric complexes. Between these
processes in the cell body and at the axonal membrane, there probably
exist a host of shared mechanisms, such as those described below for
Neuropilins and Ephrins, which further reﬁne the subaxonal localisa-
tion. This is given further credence by the expanding body of evidence
that close association and crosstalk between axon guidance receptors
is required to regulate developmental decisions such as midline
crossing (Stein and Tessier-Lavigne, 2001; Zou et al., 2000).
Motoring into the axon — transport of transmembrane receptors
Following axonogenesis, it has been proposed that the proximal
section of the axon forms a diffusion impermeable barrier termed the
axon initial segment (AIS; Winckler et al., 1999). The AIS acts as a
barrier through which the mobility of membrane proteins is greatly
reduced. It is not a complete block on all membrane diffusion because
lipophilic dyes can cross; although single molecule imaging has
revealed that the rate of diffusion, even of phospholipid, is reduced up
to 800-fold. This barrier increases as the axon develops and is thought
to be composed of a fence of transmembrane proteins anchored via
proteins such as ankyrin to the actin cytoskeleton (Hedstrom et al.,
2008; Nakada et al., 2003; Winckler et al., 1999). Thus the AIS acts like
a valve to control the ﬂux of proteins in and out of the axon. They can
get in if they are transported up the inside of the axon by vesicles but
once inserted into the membrane cannot diffuse back into the soma.
These vesicular packages are labelled, during transit through the Golgi
apparatus, with tags recognised by a system of molecular motors
which pick up their load and travel along microtubules to deliver it to
the extremities of the neuron (Fig. 1).
Microtubules have an intrinsic polarity with a minus-end and a
plus-end, the latter being where polymerisation of tubulin occurs. In
axons, microtubules are lined upwith their plus-ends pointing distally
whereas in dendrites they display mixed orientation (Baas et al.,
1988). This is the starting point of a model of neuronal polarity based
upon selective delivery to axons or dendrites by motor proteins (Black
and Baas, 1989). The motor proteins move in speciﬁc directions with
dynein travelling towards the minus-end and kinesin family members
(KIFs) usually moving towards the plus-end, although there are some
exceptions. As more becomes known about the many different types
of KIF motor protein, the more it seems likely that they have a major
role in actually organising the underlying axonal cytoskeleton in
Fig. 1. The axon initial segment (AIS; red) acts like a valve to regulate the ﬂux of molecules in and out of the axon. (1) Receptors are loaded into vesicles carried by motor proteins
(orange) which transport them alongmicrotubules (blue) through the AIS and into the axon. (2) The vesicles are unloaded from themotors and the receptors (green) are inserted into
the axonal plasma membrane. (3) The AIS contains a meshwork of cytoskeletal proteins, such as ankyrin, associated with the plasma membrane which blocks the diffusion of
receptors back into the soma.
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(Fig. 1). KIF13A forms a complex with the AP-1 adaptor protein to
transport transmembrane receptors (Nakagawa et al., 2000) whilst
KIF5B transports the scaffolding protein JIP into axons, bringingwith it
an entire functional complex including extracellular receptors and
intracellular effectors (Verhey et al., 2001). In this way functional
packages can be assembled in the cell body near the site of synthesis
and sent as ready-made complexes for insertion into the growth cone
membrane without having to wait for all the relevant components to
be transported and assembled in situ. In this way the right ones are
where they are needed when they are needed rather than diffusing
unnecessarily throughout the cell. This will increase the speed and
speciﬁcity of response which are crucial concerns if axon guidance is
to proceed accurately, both spatially and temporally.
During neurite extension, various families of microtubule-
associated proteins (MAPs) bind to microtubules to regulate their
stability and hence the rate and direction of process outgrowth
(Chilton and Gordon-Weeks, 2007). It has been known for a long time
that some of these proteins appear to be speciﬁcally localised in either
axons or dendrites. Understanding how these MAPs become recruited
to different compartments could shed light on how this occurs with
axon guidancemolecules.Moreover, theMAPs could themselves play a
role in this; the stability of microtubules will directly affect the facility
with which motor proteins can convey their cargoes to the growing
axon tip. An archetypal dendritic marker is MAP2. Initially it was
believed that MAP2 can actually move into axons but only associates
weakly with the cytoskeleton, possibly due to competition for
microtubule binding with axonal MAPs such as Tau, and is lost from
the axondue to rapid turnover (Okabe andHirokawa,1989). Laterwork
showed that whilst MAP2 and Tau preferentially bind dendritic and
axonal microtubules respectively through their microtubule-binding
domains, this is modulated by phosphorylation. Furthermore, in
seeming contradiction to the earlier work, an N-terminal domain of
MAP2 blocks its entry into axons by impairing transit along them
(Kanai and Hirokawa, 1995). In practice, it is likely that both
mechanisms are used to ensure exclusion from the axon but that
varying experimental conditions exaggerate one or the other effect.
Although these two proteins are used widely as canonical markers of
axons and dendrites, it remains to be demonstrated whether their
presence is a determinant or a consequence of neurite identity. There is
certainly complex interplay betweenMAPs that we are only beginning
to understand. For instance, loss of MAP1B exacerbates the neuronal
development defects in mice lacking either MAP2 or Tau (Takei et al.,2000; Teng et al., 2001). The presence of MAPs and changes in
microtubule stability correlatewith post-translationalmodiﬁcations of
the tubulin subunits, such as acetylation and detyrosination. Mice
lacking the tubulin tyrosine ligase regulating the latter modiﬁcation
display speciﬁc guidance defects suggesting that the stability of the
microtubule networkmay inﬂuence the delivery of guidance receptors
to the axonal tip (Erck et al., 2005).
Rafts and anchors — selective retention in the growth cone
The AIS, microtubule polarity and motor protein afﬁnities
collectively provide a series of ﬁlters – and represent a signiﬁcant
investment of energy – to selectively transport necessary proteins to
the axonal tip. Therefore, it makes sense for the growth cone to
autonomously execute intrinsic mechanisms to sort and retain from
these deliveries those that are required. The remaining proteins can
then be marked ‘Return to Sender’ and dispatched back to the soma
for re-use or, like most junk mail, simply sent to the lysosomal
recycling bins. The interplay between the cell adhesion molecule L1
and the Neuropilin-Semaphorin signalling axis, provides the best
current insight into how the turnover of axon guidance receptors is
regulated at the growth cone. L1 and other members of its family of
cell adhesion molecules are clearly important for the overall adhesion
of a developing axon to its substrate. However it seems that its role
may be more far-reaching and subtle than merely as glue (Maness
and Schachner, 2007). By regulating the distribution and turnover of
Semaphorin signalling complexes, L1 and maybe other cell-adhesion
molecules such as NrCAM, required for the signalling of Sema3B and
Sema3F through Neuropilin-2 (Julien et al., 2005), may play a key role
in determining which receptors reach and stay at the developing
axon tip.
L1 is expressed along the length of the axon but it is preferentially
inserted into the growth cone membrane (Lemmon et al., 1989; Vogt
et al., 1996). Here it has been shown to function as a critical
component of the Sema3A receptor complex by binding Neuropilin-
1 and determining whether a repulsive or attractive response is
generated (Castellani et al., 2000, 2002). In addition L1 regulates the
turnover of Neuropilin receptors by controlling its endocytosis
following Semaphorin binding (Castellani et al., 2004); this may
even occur in an autocrine fashion whereby neurons secrete Sema3A
to downregulate directly their surface levels of Neuropilin-1 (Moret et
al., 2007). Receptor endocytosis following ligand binding also happens
with other guidance families such as ephrins (Cowan et al., 2005) and
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growth cones (Bonanomi et al., 2008). It is not known when L1 and
Neuropilin become associated; this may occur directly in the growth
cone membrane, however, given what is known about L1 localisation,
it is tempting to speculate that this may occur at an earlier stage.
L1 contains a neuron-speciﬁc, alternatively-spliced, amino acid
motif, YRSLE, located within its cytoplasmic domain implicated in
endocytosis (Kamiguchi et al., 1998); as the binding domain for
interactions with ERM (Ezrin-Radixin-Moesin) proteins (Dickson et
al., 2002); and as the signal controlling the preferential insertion of L1
into the axonal growth cone (Kamiguchi and Lemmon, 1998; Vogt et
al., 1996). The mechanistic basis by which this could occur remains to
be discovered. At the growth cone, L1 interacts with ERM proteins to
inﬂuence the actin cytoskeleton and axon outgrowth. It has been
suggested that this is due to inactivation of its FIQY ankyrin binding
motif by phosphorylation (Cheng et al., 2005; Dickson et al., 2002).
Live cell imaging experiments have shown that L1 localisation along
the axonal shaft is due to older L1 being left behind as the axon
extends. Recent work suggests that L1 is anchored to the axonal
membrane via ankyrinB, which is co-localised with L1 along the
axonal shaft (Dequidt et al., 2007; Vogt et al., 1996). In sum, these
observations suggest a mechanism whereby L1 could both carry
Neuropilin to the growth cone and modulate its signalling once there.
Given the large turnover of plasmamembrane occurring in developing
growth cones (Bonanomi et al., 2008), association with L1 in its cycle
of surface renewal would be a very efﬁcient means of locally recyclingFig. 2. (A) Upon leaving the trans Golgi network (TGN), L1 (orange) is ﬁrst sent to the proxima
are routed via NEEP21 containing early endosomes which facilitates their transport to the re
carrier vesicles which transport it into the axon and facilitate its insertion in the growth c
associates with the Semaphorin3A receptor Neuropilin 1 (NPN1; green). L1 is also phosphor
guidance receptor via its interactionwith ERM proteins. As the growth cone extends, L1 is ‘lef
then be tethered to the actin cytoskeleton by ankyrin along the axon shaft. Its extracellularNeuropilin, obviating the need to continually transport fresh receptor
down the growing axon. Following a change in its phosphorylation, L1
can subsequently associate with different cytoskeletal components
and assume a more passive, adhesive role in the axon (Fig. 2B).
The interaction of L1 and Neuropilin provides a means for both
selective targeting of the latter to the developing growth cone and
regulation of its endocytic turnover once there. There exists a further
mechanism to retain guidance receptors at the axonal tip. For
Neuropilin and the receptors for Ephrin and Netrin guidance
molecules, local variations in the composition of the plasma
membrane play a pivotal role (Kamiguchi, 2006). In the axon,
detergent-insoluble glycolipid-enriched complexes, also known as
lipid rafts, mediate the sorting of GPI-anchored proteins (Ledesma
et al., 1998). Although they are formed in the Golgi complex, it is not
clear whether lipid rafts control the actual targeting to axons or
protein retention within the axonal membrane once there. Lipid rafts
are not present in stage 3 hippocampal neurons which are in the
early phase of axonogenesis. Stage 5 neurons, which are highly
branched and show distinct localisation of cytoskeletal proteins such
as MAP2, are enriched in sphingomyelin. Furthermore, increasing
levels of sphingomyelin facilitates the axonal segregation of proteins
(Ledesma et al., 1999). Therefore it would be fascinating to know
whether altering sphingomyelin levels changes the distribution of
axonal guidance proteins.
The responses induced by Semaphorin and Netrin are both
dependent upon the integrity of lipid rafts within the growth conel dendrite. L1 is sorted back into the soma in transferrin positive vesicles. Bothmolecules
cycling endosome. Here L1 is sorted away from transferrin and loaded into transcytotic
one. (B) (boxed area in A). L1 is preferentially inserted into the growth cone where it
ylated at the FIQY motif preventing ankyrin binding, and allowing L1 to act as an axon
t behind’, dissociating fromNPN1 and being dephosphorylated at the FIQY motif. L1 can
domain adheres to L1 on adjacent axons to promote fasciculation.
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degree the receptors are constitutively associated to lipid rafts or
additionally recruited following ligand binding. The GPI-anchored
ephrinA and also the transmembrane ephrinB families of molecules
(Pasquale, 2008) are also present in lipid rafts and – by analogy with
the leading edge of various non-neuronal cell types – it has been
proposed that they segregate into distinct microdomains (Gauthier
and Robbins, 2003). This clearly has profound implications for
localised regulation of signalling within the growth cone, it could be
equally pertinent in determining how the guidance factors reach the
axonal tip in the ﬁrst place.
Palmitoylation of proteins is a post-translational modiﬁcation
which can enhance the association of proteins with lipid rafts (Linder
and Deschenes, 2004) and is a critical component of nervous system
development. This is highlighted by the loss of a palmitoyltransferase
gene within a human chromosome microdeletion strongly associated
with schizophrenia. Restoration of the enzyme in the corresponding
mouse model prevents neurodevelopmental defects which also occur
in mice speciﬁcally lacking the gene (Mukai et al., 2008). In terms of
speciﬁc guidance receptors, recent evidence has shown that this
occurs with the Netrin receptor, DCC. Furthermore, this is required for
its proper function in promoting both axonal growth and turning
(Herincs et al., 2005). Growth-associated protein (GAP)-43 is
processed in the Golgi by palmitoyltransferases which leads to its
transport to the growing axonal tip (Liu et al., 1994), such palmitoyla-
tion of GAP-43 is sufﬁcient for its axonal targeting via associationwith
lipid rafts. This reiterates the point made above, that lipid modiﬁca-
tions and microenvironments could be crucial for getting receptors to
the developing growth cone. Restriction within the growth cone of
enzymes which regulate palmitoylation could then locally modulate
retention of guidance receptors and associated signalling components
(Ahtiainen et al., 2003).
Growing pains — sorting axons from dendrites
It is now becoming clear that the same molecules originally
discovered for their role in axon guidance are also responsible for
directing the formation of the dendritic arbour (Kim and Chiba,
2004). A prime example of this is the role of Sema3A signalling in
cortical development. In pyramidal neurons Sema3A functions as a
chemoattractant at the apical dendrite, guiding it towards the pial
surface but as a chemorepellent at the axonal growth cone. This
dual functionality is dependent on the localisation of soluble
guanylate cyclase (Polleux et al., 2000). In order for these two
opposing responses to occur, the neuron must have a process in
place to station the Sema3A receptor complex, of Neuropilin-1 and a
class A Plexin (Takahashi et al., 1999), in both the dendritic and
axonal compartments whereas the guanylate cyclase needs to be
exclusively localised to the dendritic compartment. In the early
stages of axon outgrowth, this is not a problem; neurons extend an
axon before beginning to form dendrites (Craig and Banker, 1994;
Dotti et al., 1988). Conversely, at the other end of the developmental
spectrum, mature retinal ganglion cells can be irreversibly switched
from a capacity for axonal growth to dendritic growth (Goldberg et
al., 2002). In this case the problem of spatially distributing guidance
effectors is overcome by ensuring that the axon has completed its
growth. What these two scenarios have in common is that the cell
effectively only has one delivery route open. However, these two
mechanisms will not sufﬁce for the development of many neurons
in which, as development proceeds and dendritic formation begins,
the axon is no longer the sole focus for transport of newly
synthesised guidance receptors. For example, the motor neurons
of the ventromedial oculomotor subnucleus cross the midline
during development, swapping places with their contralateral
counterparts. They do this by extending a pioneering process,
distinct from the axon, across the midline which the cell body thenfollows. At the same time the axon is growing in the opposite
direction, out through the periphery towards its target muscle,
therefore guidance molecules must be separately localised to both
these compartments (Chilton and Guthrie, 2004; Puelles-Lobez
et al., 1975). Microtubule polarity and the associated motor proteins
may once again underpin this distinction: human mutations in
KIF21A result in developmental defects within these migratory
oculomotor neurons (Yamada et al., 2003).
Dendritic identity is also linked to kinesins, it is lost when KIF23
is absent as minus-end distal microtubules disappear from these
processes (Yu et al., 2000). This raises a key question: why does
KIF23 only transport minus-end distal microtubules into the
dendrite in the ﬁrst place? Furthermore, the targeting of KIF23 to
dendrites appears to depend upon both its motor and tail domains
(Xu et al., 2006b). This further complicates the conundrum; if KIF23
is both necessary for dendrite formation yet also requires active
targeting to dendrites then this suggests the existence of complex
regulatory feedback loops. Overall, knowledge of dendritic guidance
receptors lags behind that of their axonal counterparts so we are far
from being able to link candidate motor proteins directly to guidance
receptor transport.
Sorting in the cell body
As guidance receptors approach the end of the trans Golgi network
(TGN) two primary mechanisms exist for their onward travel: (a)
sorting into dendritic/axonal speciﬁc transport vesicles and delivery to
the appropriate compartment or (b) incorporation into non-specia-
lised vesicles with sorting occurring at the point of insertion into the
membrane. Exclusively applying one of the above models presents a
problem. In the ﬁrst case a mechanism is required to ensure that
proteins needed by both compartments are sorted equally into
vesicles with axonal and dendritic destinations. The same applies to
the second model; a protein required by both compartments may end
up stochastically enriched in one compartment. This is particularly
important when considering the co-localisation of guidance factors
and their downstream effectors.
Prior to dendrite formation the Golgi translocates to a position
adjacent to the site of dendritogenesis, possibly signifying a switch in
trafﬁcking, whereby all secretory trafﬁc is ﬁrst sent to the proximal
dendrite (Horton et al., 2005). Once there, molecules, including L1, are
either retained in the membrane or endocytosed and carried by
transcytosis to their ﬁnal location (Wisco et al., 2003). Although this
seems like a long-winded way of getting proteins to the axonal
compartment, in terms of preventing misrouting it actually makes a
lot of sense. Compared to the axon and the AIS, dendrites are generally
short processes and allow secretory vesicles to freely diffuse to and
from the soma. Thus the recovery of molecules misrouted to dendrites
is relatively inexpensive in terms of resources expended and time
required whilst any misrouted to the axon would need to be actively
transported back out, a much more energetically expensive process.
At this point, it is important to point out that local translation of
mRNA has been shown to occur at the axonal growth cone so some
proteins may circumvent these protein trafﬁcking pathways. These
exciting new discoveries are reviewed in detail elsewhere (Lin and
Holt, 2008). However, in terms of the current discussion, local
translation simply pushes the problem back a step, i.e. the appropriate
transcripts still have to be targeted and transported to the growth
cone. Nevertheless, in the case of L1 being considered here, kinetic
studies have shown that over 90% of total protein is transported via
the transcytotic pathway, i.e. through the dendritic compartment
(Wisco et al., 2003). Further sorting of dendritic proteins occurs
throughout the dendritic arbour at Golgi outposts which facilitate
anterograde and retrograde transport between dendritic spines and
the soma (Horton and Ehlers, 2003; Tang, 2008) and so probably serve
a dual function (Fig. 3). Firstly, due to the complicated arrangement of
Fig. 3. The trans Golgi network (TGN) is positioned adjacent to the proximal dendrite.
Golgi outposts act as sequential checkpoints to sort different proteins (red/yellow/blue)
as they are sent down the dendritic arbour. They may also act as recycling points to
return endocytosed proteins back to the membrane without them having to be sent all
the way back to the soma.
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the distal dendrite. This way proteins required in the spines adjacent
to that outpost can be diverted into them, whereas those required
more distally can be sent on to the next outpost and so on... Such a
mechanism could have profound importance in locally regulating the
distribution of guidance receptors to speciﬁc branches of the nascent
dendritic arbour. Secondly, Golgi outposts could function as a
recycling point for guidance receptors during development.
Transport from the dendrite to the axon
Following routing to the proximal dendrite, L1 is ﬁrst sorted into
EEA1-positive early endosomes by association with transferrin and
then into NEEP21 (neuron-enriched endosomal protein of 21 KDa)-
enriched endosomes for trafﬁcking into the axon (Fig. 2A). It is unclear
what the exact role of NEEP21 is in this process but its loss results in
misrouting of recovered L1 to the dendritic compartment and
lysosomes (Wisco et al., 2003; Yap et al., 2008b). It has been suggested
that the signalling motif responsible for specifying the transcytotic
pathway is the YRSLE motif (Wisco et al., 2003), however a separate
study has also shown this motif to be speciﬁc for transport to the
axonal growth cone (Kamiguchi and Lemmon, 1998). This presents a
contradiction: how can the same signal be speciﬁc for the proximal
dendrite and the axonal growth cone? These differences may simply
be due to the experimental systems used. Kamiguchi and Lemmon
(1998) investigated the role of the YRSLE motif in embryonic dorsal
root ganglia (DRG) neurons and found that following its disruption, L1
distribution was no longer polarised to the growth cone, at a stage
prior to the appearance of dendrites. In contrast, Wisco et al. (2003)
found that loss of the YRSLE motif blocked transport of L1 via the
transcytotic pathway and instead resulted in its direct transport into
the axonal compartment of cultured hippocampal neurons. The
former study was carried out prior to the formation of dendrites so
it is possible that before they appear the YRLSE motif directs L1 to the
axonal growth cone. Subsequent to the growth of dendrites, the
function of the YRSLE motif may be shifted to facilitate trafﬁcking to
the dendritic compartment. This could reﬂect a general role for theYRSLE signal to direct L1 to the predominant route upon leaving the
TGN and following axonal polarisation this would almost certainly be
the growth cone. Polarised dendrites appear later, at which point the
TGN moves adjacent to them, rendering them the destination for the
majority of trafﬁc leaving the TGN (Horton et al., 2005). Another, more
prosaic, explanation for this potential paradox is that the YRSLE signal
is read in a neuron dependent manner and therefore could result in
multiple outcomes, based upon the neuronal subtype expressing L1.
Studies examining the trafﬁcking of L1 in DRG neurons following the
appearance of dendrites would help differentiate between these
possibilities. To further complicate matters, it appears that L1 contains
additional axonal localisation signals within its ﬁbronectin repeats
(Sampo et al., 2003). Indeed, a hierarchical signalling system could
exist whereby the dendritic localisation signal is read ﬁrst within the
TGN and subsequently masked to allow the axonal localisation signals
to become dominant (Yap et al., 2008a).
Axonal and dendritic targeting motifs have been uncovered on
a range of proteins besides L1 including metabotropic glutamate
receptors, nicotinic acetylcholine receptor subunits and the Delta/
Notch-like Epidermal growth factor-related Receptor (DNER). As
yet, there is no consensus on whether they act through a generic
mechanism. Whilst there is a general lack of apparent homology
between targeting motifs they may still act through shared, basic
mechanisms because they can function in heterologous neurons.
Swapping motifs between proteins however has variable efﬁciency,
in fact, the same motif may lead to opposing destinations for
different proteins (Eiraku et al., 2002; Mitsui et al., 2005; Stowell
and Craig, 1999; Xu et al., 2006a). In short, this is a major blow to
identifying putative axonal targeting motifs within guidance
receptors and currently they will need to be isolated on a
molecule by molecule basis. They may not even exist; close
association with L1, of which the motifs have been characterised in
detail, may be sufﬁcient to control the localisation of Neuropilin-1
for instance.
Aristotle claimed that “It is possible to fail in many ways... while to
succeed is possible only in one way.” It seems that nature is one step
ahead of even the ﬁnest minds; multiple pathways have evolved in
neurons to ensure that signalling proteins can reach the correct part of
these highly complex cells. At the same time there are stringent
regulatory mechanisms to prevent molecules travelling down inap-
propriate pathways. A formidable challenge remains to piece together
these tags and signals, to understand how the precise axonal
enrichment of guidance receptors is developmentally regulated to
meet the demands of navigating through a dynamic embryonic
environment.
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